Background/Aims: Chronic heavy alcohol consumption may result in alcoholic cardiomyopathy. This study was designed to screen differentially expressed microRNAs and circular RNAs in heart tissue of mice with alcoholic cardiomyopathy to reveal the underlying molecular mechanism. Methods: Having established a murine alcoholic cardiomyopathy model, we screened differentially expressed microRNAs and circular RNAs in three heart samples from the alcohol-treated and control groups by high-throughput microarray analysis. We analyzed the function and biological signaling pathways of differentially expressed non-coding RNAs closely related to alcoholic cardiomyopathy using bioinformatics software to identify some mRNAs and their biological signaling pathways closely related to alcoholic cardiomyopathy. Results: Nineteen microRNAs and 265 circular RNAs were differentially expressed in the alcohol-treated group compared with the control group. After analyzing gene function and signaling pathways by bioinformatics software, we found that the differentially expressed mRNAs were associated with carbohydrate metabolism. Conclusions: Chronic alcohol consumption can change the non-coding RNA profile of heart tissue, which is closely related to the pathological mechanisms of alcoholic cardiomyopathy.
Expression Profiling of Circular RNAs and Micrornas in Heart Tissue of Mice with Alcoholic Cardiomyopathy
Yuqiao Yang is an exceptionally long 100-kb non-coding RNA transcript that also exists as a circular structure and is associated with an increased risk for atherosclerosis [18] . In this study, a model of ACM was established in mice after 24 weeks of alcohol consumption. We profiled the expression of circRNAs and miRNAs in the hearts of the experimental and control groups using microarray analysis. We used bioinformatics software to analyze the relationship between circRNAs and miRNAs and to predict putative miRNAtarget sites of circRNAs.
Materials and Methods

Experimental animals and ethics approval
Ten-week-old male Kunming mice were provided by the Experimental Animal Center of Kunming Medical University. The care of the experimental animals and all experimental handing procedures were in accordance with Chinese animal protection laws, and the Ethics Committee of Kunming Medical University specifically approved this study.
ACM model
Sixty Kunming mice were kept in a temperature-controlled room under a 12 h/12 h-light/dark cycle, allowed access to tap water, and fed with nutritionally complete ordinary diet ad libitum for a 1-week acclimation period. Upon completion of the acclimation period, 30 of the Kunming mice were maintained on regular tap water and ordinary diet, and the remaining 30 began a 24-week period of 4% (vol/vol) alcohol consumption ad libitum. All animals were housed individually in standard plastic cages. Their body weights were recorded biweekly until the final week before sacrifice. After 24 weeks, the animals were sacrificed by cervical dislocation. The left side of the chest was opened and the heart was removed with surgical scissors, weighed immediately, and immersed in 10% neutral buffered formalin for hematoxylin and eosin (H&E) staining. Histological changes of heart tissue were observed under a light microscope.
Preparation and examination of ultra-thin sections
The LV myocardium was cut into small tissue blocks (≤2 mm 3 ), which were fixed with 3.5% glutaraldehyde at 4°C overnight. The blocks were rinsed with 0.2 M phosphate buffer (pH 7.4), fixed in 1% osmium tetroxide for 1-2 h, and rinsed with distilled water for 30 min. The blocks were dehydrated with graded ethanol and acetone and then embedded in Araldite Epon 618. Semi-thin sections (1-2 µm thick) were made from the blocks with a glass knife and stained with toluidine blue and H&E and examined under a light microscope for selection. Ultra-thin sections (70-80 nm thick, silver-gray interference color) were prepared and stained with 1% uranyl acetate and 0.4% lead citrate. These sections were examined under a transmission electron microscope.
Samples and RNA extraction
After confirmation of ACM in the alcohol-treated mice, 3 mice were chosen randomly from each group by cervical dislocation. The heart was removed immediately from each mouse, and the LV wall was incised, frozen quickly in liquid nitrogen, and transported on dry ice to KangChen Bio-tech (Shanghai, PR China) for microarray analysis.
Total RNA was extracted from mouse ventricular muscle samples with the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and purified using an RNeasy Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturers' instructions. Total RNA from each sample was qualified and quantified with a NanoDrop spectrophotometer (ND-1000; NanoDrop Technologies, Wilmington, DE, USA). RNA integrity was assessed by using standard denaturing agarose gel electrophoresis.
CircRNA labeling and array hybridization RNA array hybridization and labeling were performed according to the manufacturer's protocol (Arraystar, Inc., Rockville, MD, USA). Briefly, circRNAs were treated with RNase R (Epicentre, Inc., Madison, WI, USA) to remove linear RNAs. Then, the samples were amplified and transcribed into fluorescent cRNAs by using a random priming method, and the labeled cRNAs were purified with an RNeasy Mini Kit (QIAGEN).
The concentration and specific activity of the labeled cRNAs (pmol Cy3/μg cRNA) was measured using a NanoDrop ND-1000. One microgram of each labeled cRNA was fragmented by adding 5 μL of 10× blocking agent and 1 μL of 25× fragmentation buffer, and the mixture was heated at 60°C for 30 min. Finally, 25 μL of 2× hybridization buffer was added to dilute the labeled cRNA. Hybridization solution (50 μL) was added to the gasket slide and the circRNA expression microarray slide was assembled. The slide was incubated for 17 h at 65°C in an Agilent Hybridization Oven. The hybridized array was washed, fixed, and scanned using an Axon GenePix 4000B Microarray Scanner (Molecular Devices Corporation, Sunnyvale, CA, USA) [19] .
miRNA labeling and array hybridization RNA labeling and array hybridization were performed as per Exiqon's manual. After quality control, a miRCURY™ Hy3/Hy5 Power Labeling Kit (Exiqon, Vedbaek, Denmark) was used according to the manufacturer's guidelines for miRNA labeling by the following steps: first, 1 μL RNA in 2.0 μL water was combined with 1.0 μL CIP buffer and CIP (Exiqon), the mixture was incubated for 30 min at 37°C, and the reaction was terminated by incubation for 5 min at 95°C. Then, 3.0 μL labeling buffer, 1.5 μL fluorescent label (Hy3 TM ), 2.0 μL DMSO, and 2.0 μL labeling enzyme were added to the mixture. The labeling reaction was incubated for 1 h at 16°C and terminated by incubation for 15 min at 65°C. After stopping the labeling procedure, the Hy3™-labeled samples were hybridized to a miRCURY TM LNA Array (v.18.0) (Exiqon) according to the manufacturer's instructions. A total of 25 μL Hy3™-labeled sample was mixed with 25 μL hybridization buffer and denatured for 2 min at 95°C, incubated on ice for 2 min, and hybridized to the microarray for 16-20 h at 56°C in a 12-Bay Hybridization System. Following hybridization, the slides were washed several times using a Wash Buffer Kit (Exiqon). The slides were scanned using an Axon GenePix 4000B Microarray Scanner (Axon Instruments, Foster City, CA, USA) [20] .
Microarray data analysis
The circRNA array scanned images were imported into GenePix Pro 6.0 software (Axon) for grid alignment and data extraction. Quantile normalization of raw data and subsequent data processing were performed using the R software package. The circRNAs that were flagged as "expressed" (>2-fold background standard deviation) in at least 2 of 6 samples were retained for further differential analyses. Differentially expressed circRNAs were identified through absolute fold change, and P-values were calculated using Student's t-test (independent samples). An absolute fold change ≥ 2.0 and P < 0.05 were selected as thresholds for significant differential expression of circRNAs.
The miRNA array scanned images were also imported into GenePix Pro 6.0 software (Axon) for grid alignment and data extraction. Replicated miRNAs were averaged, and miRNAs with an intensity ≥ 30 in all samples were chosen to calculate the normalization factor. Expressed data were normalized using median normalization. After normalization, miRNAs that were significantly differentially expressed between both groups were identified using fold change and P-value. An absolute fold change ≥ 1.5 and P < 0.05 were selected as thresholds for significant differential expression of miRNAs. Finally, hierarchical clustering was performed to show distinguishable miRNA expression profiling among the samples.
Bioinformatics analysis
Recent evidence has demonstrated that circRNAs play a crucial role in fine tuning the level of miRNAmediated regulation of gene expression by sequestering miRNAs [21] . To explore the relationship between circRNAs and miRNAs, we predicted their interactions using Arraystar's home-made miRNA target prediction software, which is based on TargetScan and miRanda, and annotated the details with a twodimensional (2D) structural diagram from which the strength of binding can be estimated [21] .
Quantitative real-time PCR
Four differentially expressed miRNAs (miR-467d-3p, miR-491-5p, miR-3098-3p, and miR-3103-5p), which were predicted to bind to differentially expressed circRNAs, were validated by quantitative real-time PCR (qRT-PCR) using a ViiA™ 7 Real-Time PCR System (Applied Biosystems) in another 5 pairs of heart samples from the alcohol-treated and control groups. Total RNA was extracted using the TRIzol reagent (Invitrogen, CA, USA), and cDNA was synthesized from 1.0 µg total RNA using the Gene Amp PCR System 9700 (Applied Biosystems; primers were designed and synthesized for 4 miRNAs). The expression of each miRNA was represented relative to the expression of U6 small nuclear RNA as an internal control. For quantitative results, the expression of each miRNA was represented as fold change using the 2 -ΔΔCt method. Differences in miRNA expression between the alcohol-exposed and control hearts were analyzed using Student's t-test with SPSS (Version 16.0; SPSS, Inc.). P-values < 0.05 were considered significant.
Results
Histological and ultrastructural changes of alcohol-fed mice
Twenty-four weeks of alcohol consumption had no influence on body weight and heart weight, although it significantly exacerbated alcohol-induced interventricular septum hypertrophy. There was no significant difference in mean body weight or heart weight-tobody weight ratio between the alcohol-fed and control groups.
We identified intra-myocardial changes by H&E staining and transmission electron microscopy. Evaluations of H&E-stained paraffin sections using light microscopy demonstrated that the thickness of the interventricular septum was significantly increased in alcohol-exposed hearts compared with control hearts at the same cross-sectional level (Fig. 1A, B) . At high power (100× magnification), lipids were found to accumulate in alcoholexposed cardiomyocytes as vacuoles; both their number and size were increased in alcoholtreated hearts compared with control hearts (Fig. 1C, D) . Transmission electron microscopy revealed that cardiomyocytes of the control group exhibited fine structural characteristics considered typical for the heart ( Fig. 2A, B) . In contrast, the alcohol-exposed group showed 2C-F) . The increase in the number of mitochondria and mitochondrial alterations per cell was particularly typical. In some cardiomyocytes, the mitochondria occupied a larger area than the myofibrils (Fig. 2C) . The morphological changes and ultrastructural damage seen in the alcohol-treated mice were similar to many of those seen in biopsy specimens from human patients with ACM [22] . These results indicated that we had successfully established a chronic alcohol-induced ACM model.
Differentially expressed circRNAs
As a preliminarily exploration of the biological significance of circRNAs in ACM, circRNA expression profiles were determined in the myocardia of mice after alcohol consumption for 24 weeks through microarray analysis. The mouse circRNA microarray contains 1797 circRNA probes collected from stringent experimentally validated conditions that are curated carefully from landmark publications, allowing the systematic profiling of the circRNA transcriptome in physiological and pathophysiological conditions. In the circRNA expression profiling data, we found a total of 643 circRNAs expressed in the mouse LV myocardium. Using these data, we compared circRNA expression levels between 3 alcohol-exposed hearts and 3 control hearts and identified an average of 114 up-regulated circRNAs and 151 downregulated circRNAs that were significantly differentially expressed (absolute fold change ≥ 2.0, P < 0.05). A scatter plot was used to visualize and assess circRNA expression variation between both groups (Fig. 3A) . A box plot was used as a convenient and quick method to visualize and compare the distributions of the expression values of the circRNA profiles (Fig. 3B) . Clustering analysis showed the relationships among the circRNA expression patterns that were present in the samples (Fig. 3C) .
Differentially expressed miRNAs
From the miRNA expression profiling data, a total of 1174 miRNAs were identified in heart samples. Among the 3 alcohol-treated myocardia and 3 control myocardia, an average of 70 miRNAs were expressed at a level above background on the microarray and 28 miRNAs were expressed under background level (absolute fold change ≥ 1.5). Of these data, an average of 11 miRNAs was significantly differentially up-regulated and 8 miRNAs were significantly differentially down-regulated (absolute fold change ≥ 1.5, P < 0.05). A scatter plot was used to assess miRNA expression variation between both groups (Fig. 4A) . A box plot was used to visualize the distribution of the miRNA profiles. Clustering analysis also showed the presence of relationships among the miRNA expression patterns in the samples (Fig. 4B) .
miRNA target sites in differentially expressed circRNAs
Through bioinformatics analysis, more than 5 different MREs were predicted in most of the differentially expressed circRNAs (a total of 249 out of 265 differentially expressed circRNAs), which means that each circRNA could bind to more than 5 different miRNAs. Among the predicted miRNA dataset, there were 4 miRNAs that were from the differentially expressed miRNA profile: miR-467d-3p, miR-491-5p, miR-3098-3p, and miR-3103-5p. More specifically, that means circRNA_012141 contains an MRE that could interact with miR-467d-3p (Fig. 5A) ; circRNA_014561 contains 4 different MRE sites that could interact with miR-491-5p (Fig. 5B) ; there are 3 different circRNAs each containing an MRE that could theoretically interact with miR-3098-3p, namely, circRNA_000043, circRNA_011514, and circRNA_011975 (Fig. 5C ). There are 4 different circRNAs that could interact with miR-3103-5p: circRNA_000224, circRNA_001397, circRNA_012342, and circRNA_017811. circRNA_000224 contains 3 MREs that could interact with miR-3103-5p. circRNA_001397 and circRNA_012342 both contain 2 MREs and circRNA_017811 contains an MRE that could interact with miR-3103-5p (Fig. 5D ). There were 5 types of seed-matched sites between these 4 miRNAs and 9 circRNAs. They are the 7mer-m8 site, which perfectly matches positions 2-8 of the mature miRNA (the seed + position 8); the offset 6mer site, which perfectly matches positions 3-8 of the miRNA; the imperfect site, where positions 2-7 of the miRNA have a G:U non-standard pairing or mismatch or are missing; the 8mer site, which perfectly matches positions 2-8 of the mature miRNA (the seed + position 8) followed by an "A"; and the 7mer-A1 site, which perfectly matches positions 2-7 of the mature miRNA (the seed) followed by an "A". The 2D structures of those 4 miRNA-binding sites on the 9 differentially expressed circRNAs are listed in Fig. 5 . Currently, data for constructing a phylogenetic tree of different species of circRNAs are not sufficient. The "conservation" section is unknown for circRNAs. Predicted By: whether this locus is in accordance with the threshold criteria of the prediction algorithms (miRanda and TargetScan). A: The 2D structure of miR-467d-3p on circRNA_012141. B: The 2D structure of miR-491-5p on circRNA 014561. C: The 2D structure of miR-3098-3p on circRNA_000043, circRNA_011514, and circRNA_011975. D: The 2D structure of miR-3013-5p on circRNA_000224, circRNA_001397, circRNA_012342, and circRNA_017811. 
qRT-PCR validation
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We performed qRT-PCR assays to confirm the expression pattern of the 4 differentially expressed miRNAs. The results demonstrated that miR-467d-3p and miR-491-5p were upregulated and miR-3098-3p was down-regulated in the alcohol-exposed myocardial samples compared with the control samples (P < 0.05). The qRT-PCR data demonstrated strong consistency with the microarray data, whereas there was no significant difference in the expression level of miR-3103-5p between the alcohol-treated and control groups (Fig. 6) .
qRT-PCR analysis of the circRNAs revealed that a 1.96-fold down-regulation (2.56-fold in the microarray analysis) was observed for circRNA_011975, which was the only one consistent with the microarray analysis. The qRT-PCR expression pattern for circRNA_014561 and circRNA_011514 was completely reversed compared with that of the microarray analysis; a 2.63-fold down-regulation (2.15-fold up-regulation in the microarray analysis) was observed for circRNA_014561, and a 1.11-fold down-regulation (2.22-fold upregulation in the microarray analysis) was observed for circRNA_011514. We were unable to amplify circRNA_000043 by PCR.
Discussion
Chronic alcohol consumption is a significant risk factor that promotes cardiac pathology and dysfunction. Chronic alcohol consumption leads to a number of alterations in the metabolic function of the heart [2, 23] and results in a deterioration of heart function [6, [24] [25] [26] , which is a leading cause of cardiomyopathy. The exact amount and duration of alcohol consumption associated with the development of ACM is humans are variable. ACM is highly associated with race, gender, genetic predisposition, and lifestyle factors [27] . Excessive and prolonged consumption of ≥100 g alcohol a day in men and 80 g alcohol a day in women over a period of 10 years leads to the development of ACM [24, 28, 29] . In the present study, we used an alcohol ad libitum consumption scenario for 24 weeks in order to eliminate the presence of stress caused by intravenous administration or aerosolized inhalation forcedfeeding regimens [30] . The results from our study demonstrated that murine myocardia underwent a considerable number of adverse ultrastructural, structural, and histological changes following chronic alcohol consumption. In the present study, myocardial changes were found in the chronic alcohol-fed mice, such as fatty acid accumulation, cardiomyocyte vacuolization, myocardial myofibril loss and disarray, sarcoplasmic reticulum edema, and swollen disrupted mitochondria, which are consistent with those of previous reports [31] [32] [33] . The mechanisms underlying ACM include oxidative stress [4, 5] , impaired mitochondrial bioenergetics [2] , and derangements in fatty acid metabolism and transport [6] . Our observations in the alcohol-treated mice using light and electron microscopy are in line with those seen in postmortem myocardial biopsies from human subjects with ACM [22, 34] , even though we have no evidence that our mice developed dilated cardiomyopathy (DCM). On the contrary, we observed significant interventricular septum hypertrophy in the alcoholexposed hearts, which is consistent with previous findings that chronic alcohol consumption may lead to cardiac remodeling and cardiac hypertrophy [35] . Thus, this murine model The metabolic basis of ACM is probably multi-factorial, but alterations in the expression of myocardial genes are also main contributing factors for the precipitation and progression of this disease. ACM is a specific DCM secondary to a history of long-term heavy alcohol consumption; in other words, ACM is a common cause of DCM. Long-term alcohol abuse in patients with DCM accelerates their condition and leads to death, whereas abstinent patients with DCM have beneficial changes in LV function [36] . The pathophysiologic hallmarks of both ACM and DCM are similar and include enlarged ventricular dimensions, normal or reduced LV wall thickness, increased LV mass, and finally death from congestive heart failure.
Genetic mutations account for a significant percentage of cardiomyopathies. miRNAs have emerged as powerful post-transcriptional regulators of gene expression, especially in the regulation of several aspects of cardiomyopathy. Different miRNA expression patterns have been described for DCM in humans; for example, let-7a, let-7b, let-7c, and miR-100 are up-regulated in LV samples from patients with DCM compared with healthy controls [37] . The miRNA profile of DCM is largely concordant with the differentially expressed miRNA profile of the present study, in which let-7a-5p, let-7b-5p, let-7c-2-3p, and miR-100-5p were up-regulated in the alcohol-treated group compared to the control group. Let-7 and its family members are highly conserved across species in terms of sequence and function. The up-regulation of the let-7 family may help to increase myocardial fibrosis and apoptosis, as cardiomyocytes in which let-7 is inhibited have a decreased number of apoptotic cells and reduced myocardial fibrosis [38] . Sucharov et al. [39] also reported that miR-100 was up-regulated in failing DCM hearts and demonstrated that miR-100 has a specific role in the regulation of the adult isoforms of cardiac genes .
The observed changes in the expression levels of individual miRNAs are functionally relevant, albeit the magnitude of the change in their expression was generally small. However, miRNA activity has also been shown to be affected by the presence of miRNA sponge transcripts [40, 41] . In recent years, a growing number of studies have found that circRNAs are an important class of miRNA-dependent post-transcriptional regulators [11, 12] that play a crucial role in fine tuning the level of miRNA-mediated regulation of gene expression by sequestering miRNAs [17] . Almost all of these previous studies identified circRNAs and quantified their relative abundance by high-throughput RNA sequencing from non-polyadenylated RNA transcripts and revealed their potential biological function as miRNA sponges.
In this study, we utilized a different screening method to identify the circRNA profile, namely, a circRNA microarray. This circRNA microarray, which was developed by Arraystar, is represented by a splice junction probe that can identify individual circRNAs reliably and accurately, even in the presence of their linear counterparts. From the microarray expression profiles, we identified a total of 643 circRNAs that were expressed in the mouse LV myocardium; 114 up-regulated circRNAs and 151 down-regulated were significantly differentially expressed (≥2.0-fold, P < 0.05) in all alcohol-treated hearts. This tremendous change of circRNA expression in the heart was the result of heavy alcohol consumption, further indicating that circRNAs might play significant biological roles in the development of ACM.
Additionally, all of the differentially expressed circRNAs were annotated with potential target sites for miRNAs, which are referred to as MREs. An MRE is a kind of critical sequence that is helpful for unraveling the function of circRNAs as natural miRNA sponges. We predicted the interaction between differentially expressed miRNAs and differentially expressed circRNAs using Arraystar's home-made miRNA target prediction software, which is based on TargetScan and miRanda. More than 5 MREs were predicted in most of the differentially expressed circRNAs. An increasing number of studies has revealed that circRNAs may be new protagonists of the ceRNA network that function as a natural sponge to titrate miRNAs and prevent them from binding to mRNAs, according to the ceRNA hypothesis [11, 12] , in which MREs regulate miRNA expression levels [10] . Although more than 5 MREs were predicted to be contained in the same circRNA or more than 3 MREs were predicted to bind Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry to the same miRNA, not all MREs on circRNA can bind to the corresponding miRNA; their relative concentration and specific nucleotide composition may be partially different and the effectiveness of each MRE in binding to an miRNA is critical for overall ceRNA function [10] . Although an increasing number of studies have found that circRNAs are implicated in the development of several different diseases, such as atherosclerosis, nervous system disorders, and cancers [11, 18, 42, 43] , their potential biological functions are significantly underestimated. CircRNAs carrying several different MREs make miRNA regulation complicated. A circRNA can be used to block an entire miRNA seed family based on its natural miRNA sponge potential. The stability and conserved properties of circRNAs are providing inspiration for the engineering of gene vector-encoded sponges as potent inhibitors of miRNA activity [44] . In contrast, Hansen et al. [45] found that circRNAs could also be cleaved by miRNAs in an Ago2-slicer-dependent manner, which further adds to the complexity of the interaction between circRNAs and miRNAs. In recent years, methods for the identification of circRNAs have been developed, including molecular methods and genome-wide approaches, such as RNA-seq and microarray analysis. Data from recent genome-scale studies of circRNAs have provided strong evidence for the presence of thousands of circRNAs in diverse human cell types [11, 14, 15] , even in human plasma and cell-free saliva from healthy individuals [46] , and their transcription levels vary according to cell type [42, 47] . These properties provide circRNAs with the potential to become ideal biomarkers for the diagnosis of a wide range of diseases.
As a recent addition to the growing list of non-coding RNAs [48] , no doubt more examples and even additional roles will be found for circRNAs. Although we have predicted that the binding of miRNAs to circRNAs may help to infer the function of circRNAs, the findings described in this article are merely a starting point for the study of circRNAs. Our conclusions were obtained only through the changes in their levels and bioinformatics analysis, which need experimental identification and validation. Thus, functional experiments are warranted to investigate thoroughly the mechanism of the interaction between circRNAs and miRNAs in ACM.
